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Abstract

Aurora B kinase (ABK) re-localizes from centromeres to the spindle midzone during cytokinesis
where it is thought to provide a spatial cue for cytokinesis. While global ABK inhibition in
Drosophila S2 cells results in macro- and multi-nucleated large cells, mis-localization of midzone
ABK (mABK) by depletion of Subito (Drosophila MKLP2) does not cause notable cytokinesis
defects. Subito depletion was; therefore, used to investigate the contribution of other molecules
and redundant pathways to cytokinesis in the absence of mMABK. Inhibiting potential polar
relaxation pathways via removal of centrosomes (CNN RNAI) or a kinetochore-based
phosphatase-gradient (Sds22 RNAI) did not result in cytokinesis defects on their own or in
combination with loss of mMABK. Disruption of Aurora A kinase (AAK) activity resulted in
midzone assembly defects but did not significantly affect contractile ring positioning or
cytokinesis. Live-cell imaging of a FRET-based aurora kinase phosphorylation sensor revealed that
midzone substrates were less phosphorylated in AAK-inhibited cells, despite the fact that midzone
levels of active phosphorylated ABK (pABK) were normal. Interestingly, an increased number of
binucleated cells were observed following AAK inhibition in the absence of mMABK. The data
suggest that equatorial stimulation rather than polar relaxation mechanisms are the major
determinants of contractile ring positioning and high-fidelity cytokinesis in Drosophila S2 cells.
Furthermore, we propose that equatorial stimulation is mediated primarily by the delivery of
factors to the cortex by non-centrosomal microtubules (MTs) as well as a midzone-derived
phosphorylation gradient that is amplified by the concerted activities of mABK and a soluble pool
of AAK.

Introduction

Muitosis is the process in which cells divide their duplicated genetic material into two
daughter cells. Equal segregation of the DNA is required for cell viability, thus it is critical
that this process is orchestrated flawlessly every time. Cytokinesis is achieved by an actin-
myosin contractile ring that physically divides the cell into two daughter cells following
separation of the sister chromatids during anaphase. Proper positioning of the contractile
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ring and; hence the cleavage furrow is critically important for cytokinesis but present
understanding of the cues that spatially determine where the furrow forms is incomplete.

The Aurora family of proteins is a group of mitotic serine/threonine kinases that regulate
many aspects of cell division (Carmena et al., 2009, Hochegger et al., 2013). Aurora A
kinase (AAK) and aurora B kinase (ABK), the two members found in Drosophila
melanogaster, have highly conserved C-terminal kinase domains that phosphorylate many of
the same substrates. However, their cellular functions are distinct and dictated by their
different cellular localizations, which is determined by the divergent N-terminal regulatory
domain (Li et al, 2015). ABK is part of a multi-subunit protein complex called the
chromosomal passenger complex (CPC). Prior to anaphase the CPC is highly enriched at the
inner centromere and ABK activity contributes to spindle and kinetochore assembly, spindle
assembly checkpoint signaling, and error correction (Emanuele et a/.,, 2008, Lampson and
Cheeseman, 2011, Moutinho-Pereira et al,, 2013, Tanaka et al., 2002). ABK activity is
essential for proper cytokinesis (Adams et a/., 2001, Echard et al., 2004, Eggert et al., 2004,
Smurnyy et al., 2010) and at anaphase onset the CPC complex re-localizes to the spindle
midzone (Adams et al., 2000), an area comprised of stable overlapping MTs. The midzone-
associated CPC generates an activity gradient (Fuller et al., 2008, Tan and Kapoor, 2011)
that helps ensure complete sister chromatid separation (Afonso et al., 2014), and that is
proposed to contribute to cleavage furrow positioning (Adams et a/., 2000, Tan and Kapoor,
2011, Terada, 2001). Aurora A kinase is required for centrosome maturation, separation and
function (Giet et al., 2002, Glover et al., 1995, Hannak et al., 2001), proper kinetochore-MT
attachment (Bakhoum et al., 2014, Barisic et al., 2014, Chmatal et al., 2015, Ye et al., 2015),
chromosome segregation (Hegarat ef a/, 2011), MT nucleation (Scrofani et a/., 2015) and
robust assembly of midzone MTs (Lioutas and Vernos, 2013, Reboutier et al., 2013).

While it is clear that MTs are required for positioning the cleavage furrow (Rappaport, 1971)
MT-dependent and MT-independent mechanisms have been proposed to contribute to
faithful cytokinesis (Alsop and Zhang, 2003, Canman et al., 2003, Field et al., 2015, Foe and
von Dassow, 2008, Murthy and Wadsworth, 2008, Nguyen et al., 2014, Rodrigues ét al.,
2015). Broadly speaking, two major models are evoked to explain how cells define where
the cleavage furrow is positioned during cytokinesis. Equatorial stimulation holds that a
positive signal promotes cortical contractility through activation of myaosin in between the
spindle poles while polar/astral relaxation posits that a signal coming from the vicinity of the
spindle poles inhibits contractility causing the polar cortex to relax. While there is evidence
that astral MTs in the polar region contribute to polar relaxation (Murthy and Wadsworth,
2008), recent work suggests that the signal does not require astral MTs but rather is
mediated by a kinetochore-derived phosphatase gradient (Rodrigues et a/., 2015). Equatorial
stimulation depends on signals from both the midzone, which is enriched for essential
cytokinesis regulators including the CPC (Glotzer, 2005, Nguyen et al., 2014), and an
“astral” stimulation signal that requires a sub-population of stable MTs in the vicinity of the
furrow site (Canman et al., 2003, Field et al., 2015, Foe and von Dassow, 2008). Thus, three
potentially redundant pathways regulate the formation and positioning of the cleavage
furrow: (1) polar relaxation, (2) midzone stimulation, and (3) astral stimulation. Here we
apply a variety of live-cell imaging techniques in Drosophila S2 cells to explore the
contribution of each of these pathways to successful cytokinesis.
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Materials and Methods

Drosophila S2 cell culture

All cell lines were grown in Schneider’s medium (Life Technologies) supplemented with
10% heat inactivated fetal bovine serum (FBS) and 0.5x antibiotic/antimycotic cocktail
(Sigma), and maintained in 25°C. All cell lines were generated by transfecting the plasmid
with Effectene Transfection Reagent system (Qiagen), following manufacture protocol.
Expression of the proteins was checked by fluorescence microscopy. To select the cell
expressing the constructs, cells were split in the presence of Blasticidin S HCI (Fisher)
and/or Hygromycin (Sigma). Spaghetti Squash (Dm MRLC) - GFP, mCherry-a-tubulin cell
line was a generous gift from Eric Griffis.

DNA constructs

A soluble FRET based aurora phosphorylation sensor was previously generated (Ye et al,
2015). To target it to MTs, Tau (CG45110) was amplified from cDNA with flanking Spel
sites and inserted into the soluble reporter construct via Gibson assembly (Gibson et al.,
2009). The Tau sequence was inserted downstream of the centromere protein C promoter to
drive expression of the reporter.

RNAI experiments

DNA templates for subito (CG12298), aurora A kinase (CG3068), Sds22 (CG5851), and
CNN (CG4832) were produced to contain ~500 bp of complementary sequence flanked by
T7 promoter sequence. dsSRNAs were synthesized overnight at 37°C from the DNA
templates using the T7 RiboMax Express Large Scale RNA Production System (Promega)
following manufacturer protocol. For RNAI experiments, media was aspirated off semi-
adhered cell at 25% confluence and replaced with 1ml of serum-free Schneider’s medium
containing 20ug of dsRNA. After 1h, 1ml of fresh Schneider’s plus FBS was added to the
wells and incubated for 2 days at 24°C. See Table 1 for primer sequences.

Immunofluorescence

S2 cells were allowed to adhere to acid-washed concanavalin A (Sigma-Aldrich) — coated
coverslips, then treated with 5uM MG132 and 125nM MLN8237 (Selleck Chemicals) or
DMSO as control for 1 hour before being quickly rinsed with BRB80 and then fixed with
10% paraformaldehyde for 10 minutes. Cells were then permeabilized with PBS containing
1% Triton X-100 for 8 minutes, rinsed three times with PBS plus 0.1% Triton X-100, and
blocked with boiled donkey serum for 60 minutes. All primary antibodies were diluted in
boiled donkey serum. Anti-Phospho-Aurora A/B/C and Phospho-Aurora A (Cell Signaling
Technology) was used at a concentration of 1:1000, DM1a (anti-tubulin antibody; Sigma-
Aldrich) at 1:1000. All secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.)
were diluted 1:200 in boiled donkey serum. After secondary treatment, coverslips were
washed two times with PBS plus 0.1% Triton X-100, followed by incubation with DAPI
(1:2000) for 5 minutes, and two additional washes. Cover slips were sealed in mounting
media containing 20mM Tris, pH 8.0, 0.5% N-propyl gallate, and 90% glycerol.
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Three- or four- color Z series consisting of ~30 planes at 0.2um intervals were acquired for
GFP, Rhodamine, Cy5 (where appropriate), and DAPI channels. Fluorescence intensities
were obtained by drawing larger and small regions manually around the maximum intensity
projection of the Z-series images. To obtain the ratio intensities, regions were drawn
manually on the tubulin channel and transferred to pABK channel. The following equations
were used: background signal = (integrated fluorescence intensity of big area — integrated
fluorescence intensity of small area)/(big area — small area). Total intensity = integrated
fluorescence intensity of small area - (background signal x small area).

Cells were treated with 125nM MLN8237 or DMSO as control diluted 1:1000, in a tissue
culture dish for 1 hour. Cells were allowed to adhere to acid-washed, concanavalin A (Sigma
Aldrich) coated coverslip (Corning) for exactly 1 hour, then assembled into a rose chamber
containing Schneider’s media with 125nM MLN or DMSO, and subjected to imaging at
25°C. Cells were image for a maximum of 1 hour on an eclipse Ti-E inverted microscope
(Nikon) equipped with an iXON EMCCD camera (Andor Technology) using a 100x 1.4 NA
Plan Apo violet-corrected series differential interference contrast objective (Nikon).
Metamorph software (Molecular Devices) was used to control the imaging system.

Muitotic cells were found in the RFP channel, and images of the best focal plane were
acquired in RFP, CFP, YFP, and FRET (CFP excitation and YFP emission) channels with
equal exposure times. The ratios of the fluorescence intensities of FRET to mTurgoise2
(CFP channel) were obtained by drawing larger and smaller regions in Metamorph
(Molecular Devices) around the central spindle in the FRET images and transferred to the
CFP image. The following equations were used: background signal = (integrated
fluorescence intensity of big area — integrated fluorescence intensity of small area)/(big area
—small area). Total intensity = integrated fluorescence intensity of small area - (background
signal x small area). The FRET ratio = background corrected total FRET intensity/
background corrected total mTurquoise2 intensity.

Western Blots

A total of 10ug of protein was loaded into a 10% SDS-PAGE gel, run out, and transferred to
a nitrocellulose membrane on the Trans-Blot® Turbo™ transfer system (Bio-Rad
Laboratories) using the preprogrammed “MIXED MW" 7 minute protocol. All antibodies
were diluted in TBS with 0.1% Tween and 5% milk. The membrane was first incubated with
anti-Aurora A serum (gift of Marcin Przewloka and David Glover) at 1:5000, followed by
DMla (anti-a-tubulin antibody; Sigma Aldrich) at 1:5000. Rabbit and mouse HRP
secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.), diluted at 1:5000, were
used in conjunction with their respective primaries and image with a GBox system
controlled by GeneSnap software (Syngene).

TIRF and Spinning Disk Confocal Imaging

Cells were allowed to adhere to concanavalin A treated coverslips, and mounted into a rose
chamber. Cells were imaged on a TIRF-Spinning Disk system assembled on an Eclipse Ti-E
inverted microscope (Nikon) equipped with a Borealis (Andor) retrofitted CSU-10
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(‘Yokogawa) spinning disk head and two ORCA-Flash4.0 LT Digital CMOS camera
(Hamamatsu) using a 100x 1.49 NA Apo differential interference contrast objective (Nikon).
Metamorph software (Molecular Devices) was used to control the imaging system. Dual
TIRF (MRLC-GFP) and widefield (mCherry-a-tubulin) images were acquired at 1 minute
intervals. To quantify the myosin dynamic, three 10 pixel? boxes were placed in the pole
region or the equator, and averaged for each cell. To compare myosin accumulation at the
equator and depletion the pole, half maximum change at the equator was normalized to be
time O for each cell, and 10 before and after time points are reported. For correlative TIRF-
spinning disk confocal imaging, cells were followed by time-lapse TIRF imaging and once
the cell had assembled a contractile ring (based on MRLC imaging) the system was
switched to spinning disk mode and 0.2 um confocal z-sections were taken. All
quantifications and 3D-reconstructions were done using Metamorph (Molecular Devices).
Microtubule dynamics in interphase cells were manually tracked using the MTrackJ plug-in
(Meijering et al., 2012) in ImageJ (Schneider et al., 2012). The catastrophe and recue
frequencies are determined by the number of catastrophe events divided by the total amount
of time of time spent polymerizing and the number of rescue events divided by the total
amount of time spent depolymerizing, respectively.

To determine if AAK plays a post-metaphase role in Drosophila S2 cell division, AAK was
knocked down by RNAI, and MT intensity in the spindle midzone during late anaphase was
quantified (Fig LA-C). Consistent with previous reports in other cell types (Lioutas and
\ernos, 2013, Reboutier et al,, 2013), a 34% decrease in MT midzone population was
observed in AAK RNAI depleted cells relative to control cells. Similar to the AAK-depleted
conditions, cells treated with a concentration (125 nM) of the inhibitor MLN8237 that
specifically inhibits AAK in Drosgphila S2 cells (Ye et al., 2015), which resulted in loss of
pAAK from centrosomes (Fig 1G), exhibited a 40% decrease in midzone MT intensity
compared to DMSO-treated cells (Fig 1F-H). The observed decrease in midzone MT
density in late anaphase following AAK depletion or chemical inhibition could potentially
be a result of inhibiting ABK, as it re-localizes to the overlapping central spindle MTs after
anaphase. To examine if the observed results were due to mis-localizing or inhibiting ABK,
levels of active phosphorylated ABK (pABK) at midzones were quantified in control and
AAK inhibited conditions. When normalized to the control levels, pABK did not exhibit a
significant change at the midzone in either AAK knockdown (Fig 1D) or MLN8237-treated
cells (Fig 11) compared to the control conditions. Thus, while the MT intensities were
significantly decreased relative to controls in the absence of AAK activity, the total level of
midzone pABK was unaffected by either chemical inhibition of AAK or its depletion. It is
noteworthy that, while the total amount of pABK did not change, when normalized to the
midzone tubulin signal, the amount of midzone pABK per MT increased significantly
relative to the controls in both AAK depleted and MLN8237-treated cells (Fig 1E, J).

The midzone aurora Kinase activity gradient was next investigated. A FRET based aurora
phosphorylation sensor (Fuller et al,, 2008, Ye et al., 2015) was generated and targeted to the
MTs by fusing it to the MT-associated protein Tau (full length protein). Expression of the
Tau-FRET reporter did not obviously bundle MTs nor alter interphase MT dynamics relative
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to cells in the same imaging chamber that were not expressing the reporter (Table 2). The
sensor is designed such that the FRET ratio decreases when phosphorylated by aurora
kinases (Fig 2A). Cells treated with 125nM MLN8237, which specifically inhibits AAK
activity and has the same effects as AAK knockdown (Fig 1), exhibited 5% higher FRET
emission ratio (Fig 2B, C), indicating that substrates are less phosphorylated by the midzone
aurora kinase activity gradient when AAK activity is inhibited in S2 cells despite having
normal levels (or even higher levels per MT) of midzone pABK. This finding is consistent
with previous work that identified TACC3 and p150Glued as midzone AAK substrates in
human cells that were less phosphorylated and mis-localized respectively following AAK
inhibition (Lioutas and Vernos, 2013, Reboutier ef al., 2013). Importantly, the behavior of a
non-phosphorylatable FRET sensor was unaffected by MLN8237 (Fig 2D). We posit that the
measured decrease in kinase activity must be due to inhibiting AAK, because pABK levels
are actually higher per MT in this condition (Fig 1E, J). Thus we conclude that AAK
amplifies a midzone aurora kinase activity gradient.

Where is AAK functionally relevant post-anaphase during midzone assembly and
cytokinesis? While we and others have (Berdnik and Knoblich, 2002, Giet et al., 2002, Ye et
al., 2015) described the localization pattern of AAK through Drosophila cell division, we
more closely examined AAK relative to MTs by imaging cells co-expressing mCherry-
tagged AAK and GFP-a-tubulin. AAK was highly enriched at centrosomes throughout
mitosis and localized to spindle MTs to varying degrees depending on the level of over-
expression with a tendency to be enriched near spindle poles in low to moderately
expressing cells. In cells with the highest levels of AAK over-expression a slight enrichment
of AAK was sometimes observed in the vicinity of kinetochores/centromeres although not to
the extent previously seen in mouse oocytes over-expressing AAK (Chmatal et al., 2015).
AAK remained enriched at centrosomes throughout anaphase and during cytokinesis
although, even in high-expressing cells, AAK only faintly associated with MTs but was not
enriched on midzone MTs (Fig. 2E and Supplemental Movie 1). ABK, on the other hand, is
highly enriched on midzone MTs and also exhibits MT tip-tracking behavior at anaphase
onset when visualized by TIRF microscopy (Vale et al., 2009). We next employed TIRF
imaging of cells co-expressing mCherry-tagged AAK and GFP-a-tubulin to determine if
AAK exhibited similar behavior as ABK (Fig 2F and Supplemental Movie 2). While AAK
was evident at a centrosome that entered the TIRF field during anaphase, it neither tip-
tracked nor became enriched on midzone or astral MTs in the cortical region. Thus, we posit
that the midzone-derived aurora kinase activity gradient is amplified largely by a soluble
rather than MT-associated pool of AAK.

Our data indicate that AAK amplifies a midzone phosphorylation gradient to promote robust
midzone assembly in Drosophila S2 cells. To examine if the observed defects in midzone
assembly impacted furrow formation or assembly of the actin-myosin contractile ring during
cytokinesis, myosin dynamics were visualized in living cells expressing GFP-tagged myosin
regulatory light chain (MRLC (Spaghetti Squash in Drosophila)) and mCherry-a-tubulin by
TIRF microscopy. In this image-based assay, cells are adhered to Concanavalin A, which
prevents successful completion of cytokinesis but allows for impressive visualization of
myosin at the cortex after anaphase onset (Vale et a/., 2009). In accord with previous TIRF
imaging of this cell line (Vale et al., 2009), MRLC was lost from the equator and became
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enriched at the site of the cleavage furrow following anaphase onset. There was not a
significant difference between DMSO- and MLN8237-treated cells in myosin dynamics at
the polar relative to equatorial regions (Fig 2G, H). We next employed correlative TIRF-
spinning disk confocal imaging on MLN-treated cells to better observe MRLC organization.
A field of cells, which contained a metaphase cell, was imaged by TIRF microscopy for 25
minutes to capture the metaphase cell progress through anaphase, enrich MRLC in the
equator and assemble a contractile ring (Supplemental Movie 3). At that point, the field was
imaged by confocal spinning disk microscopy (Fig. 21), 0.2 um confocal z-sections were
acquired (Supplemental Movie 4) and 3D reconstructions were generated for each of the
three cells in the field of view (Fig 2 J-L). The cell that progressed from metaphase to
anaphase had formed a cleavage furrow and assembled a clear ring of MRLC that deformed
the upper part of the midzone (Fig 2J and Supplemental Movie 5). A neighboring cell
possessed a midbody and a small ring of MRLC could be seen around the midbody (Fig 2K
and Supplemental Movie 6). Since the cells had been treated with MLN for several hours at
this point, this cell very likely had progressed through cytokinesis in the absence of AAK
activity. An interphase cell with MRLC highly enriched at the cortex contacting the
coverslip was also present in the field of view (Fig. 2L and Supplemental Movie 7). Taken
together, the data indicate that loss of AAK activity does not dramatically alter MRLC
dynamics or organization during cytokinesis.

It is widely accepted that ABK activity is required for cytokinesis and, in support of this,
numerous key cytokinesis regulators have been shown to be ABK targets (Adams et al.,
2001, Echard et al., 2004, Eggert et al., 2004, Guse et al., 2005, Nunes Bastos et al., 2013,
Smurnyy et al., 2010). Similar to the phenotype associated with compromising critical
cytokinesis regulators in Drosophila such as Pavarotti (Dm MKLP1) (Adams et al., 1998),
large cells are prevalent following treatment with the Drosophila ABK-specific inhibitor
Binucleine-2 (Bin2) (Eggert ef al., 2004). However, as previously described (Moutinho-
Pereira et al., 2013), we have observed that Bin2-treated cells fail to fully condense their
chromosomes or assemble bipolar spindles and the spindle assembly checkpoint is severely
compromised leading to rapid mitotic exit in the absence of any semblance of normal mitotic
timing or organization. Furthermore, while failure in cytokinesis following depletion of
bona-fide regulators such as Pavarotti results in cells with two comparably sized nuclei,
Bin2-treated cells rarely exhibit the typical binucleate phenotype, but rather have single
large nuclei or large nuclei with numerous smaller nuclei. Similar to prior observations
(Afonso et al,, 2014), Bin2 addition in early anaphase led to rapid mitotic exit and the
formation of a single large nucleus (Fig 3A, Supplemental Movies 8, 9). The fact that this
Bin2-treated anaphase cell did not complete cytokinesis is likely due to the consequences of
rapid mitotic exit as well as the positioning of the nucleus in the midzone position. Thus, the
pleiotropic effects of globally inhibiting ABK make cytokinesis defects difficult to interpret.
To better isolate the contribution of midzone ABK (mABK), the Drosophila MKLP2
homologue Subito, which has been shown to localize CPC to the midzone in numerous
model systems including Drosophila (Cesario et al., 2006, Gruneberg et al., 2004, Nguyen et
al., 2014), was depleted by RNAI. Subito depletion resulted in a substantial reduction in
midzone levels of pABK (Fig 3B, C). Mis-localizing mABK by Subito depletion did not
result in a significant increase in the number of binucleated cells compared to control
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conditions (Fig 3 D). While AAK contributes to the midzone phosphorylation gradient, the
frequency of binucleated cells was not increased in MLN-treated cells relative to DMSO
controls (Fig 3 D). We reasoned that if AAK amplifies the midzone activity gradient to
promote cytokinesis, then inhibition of AAK in the absence of mMABK would result in a
higher frequency of cytokinesis failure. Indeed, MLN-treated cells depleted of mMABK
resulted in a ~4 fold increase in binucleate cells compared to controls (Fig 3D). The additive
effect of losing both AAK and mABK activities suggests that the two kinases work together
to increase the fidelity of cytokinesis. In the double inhibited cells, the midzone aurora
kinase activity gradient is compromised and while a 4-fold increase in cytokinesis failure is
not desirable, most cells manage to complete cytokinesis. Thus, redundant pathways must
compensate for the loss of the midzone aurora phosphorylation gradient.

Previous work has shown that a kinetochore-based PP1-Sds22 phosphatase gradient
mediates the polar relaxation signal (Kunda et a/., 2012, Rodrigues et al., 2015). To inhibit
the relaxation gradient and examine its functional redundancy with the equatorial
stimulation signal from aurora kinases, Sds22 was depleted from cells alone and in
combination with treatments that disrupt the midzone aurora kinase activity gradient. As
previously reported (Rodrigues et al., 2015), depletion of Sds22 did not lead to a measurable
increase in cytokinesis failure (Fig 3E). Interestingly, cells lacking Sds22 in which AAK was
also inhibited were no more prone to fail cytokinesis than control cells while Sds22
depletion combined with loss of the midzone aurora kinase activity gradient were
indistinguishable from Subito-depleted cells treated with 125nM MLN8237 (Fig 3D, E).
Thus, Sds22-dependent polar relaxation is dispensable for proper cytokinesis even in the
absence of the aurora-mediated equatorial stimulation signal. Astral MTs, presumably
derived from centrosomes, have been proposed to contribute to both polar relaxation
(Murthy and Wadsworth, 2008) and equatorial stimulation (Rappaport, 1961). Centrosomin
(CNN) was depleted to examine the contribution of centrosome-derived astral MTs to
cytokinesis and their redundancy with the midzone aurora phosphorylation gradient. In CNN
RNAI cells treated with either DMSO or MLN8237, the percentage of binucleated cells was
not different from control cells (Fig 3F). As was the case for Sds22 depletion, CNN
depletion in combination with Subito RNAIi and 125nM MLN8237 exhibited the same
phenotype as cells lacking mABK and AAK activity (Fig 3D-F), suggesting that
centrosomal MTs do not make a major contribution to cytokinesis in Drosophila S2 cells
even when the midzone aurora kinase activity gradient is compromised.

Discussion

The aurora family kinases regulate many mitotic pathways and their critical functions in
early mitosis make it difficult to study their involvements in late anaphase and cytokinesis.
Lioutas et al, and Reboutier et al. have reported the importance of AAK in formation of a
central spindle by regulating MT growth through phosphorylation of TACC3 and
p150Glued, respectively (Lioutas and Vernos, 2013, Reboutier et al., 2013). Here we report
that AAK activity also contributes to robust midzone MT assembly and contributes to
phosphorylation of midzone substrates in Drosophila S2 cells. Interestingly, total midzone
levels of pABK were normal in AAK inhibited cells and actually higher when ratioed to
MTs despite having less robust midzones. Thus, there may be a regulatory mechanism that
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ensures adequate levels of CPC enrichment at overlapping midzone MTs that buffers against
variations in MT density.

The experiments conducted in this study have allowed us to dissect the contributions of
equatorial stimulation and polar relaxation pathways (Fig 3G). While depletion of MKLP2
and Subito leads to loss of MABK in both human and Drosophila cells respectively, its
depletion leads to a significantly higher incidence of cytokinesis failure in human cells
(Kitagawa et al., 2014, Kitagawa et al., 2013, Zhu et al., 2005). Since MKLP2-depleted cells
fail during the late stages of cytokinesis (Zhu et a/., 2005), this discrepancy may be due to
differences in abscission mechanisms between human and Drosophila. Interestingly, the fact
that the cleavage furrow ingresses between segregating chromosomes in MKLP2-depleted
human cells suggests that, like in Drosophila S2 cells, mABK is likely dispensable for
spatially positioning the cleavage furrow in human cells as well. In Drosophila, both
midzone-derived and astral stimulation signals likely contribute to equatorial stimulation
while recent work suggests that polar relaxation is mediated by a phosphatase gradient
emanating from kinetochores. We have shown that a midzone-based aurora kinase activity
gradient that requires both mABK and a predominantly soluble pool of AAK contributes to
the fidelity of cytokinesis. However, redundant and/or dominant pathways must exist since a
majority of cells lacking the midzone aurora activity gradient successfully complete
cytokinesis. Polar relaxation signals from the phosphatase gradient or by centrosomal MTs
are neither dominant since single depletions of Sds22 or CNN do not lead to cytokinesis
defects, nor redundant to the midzone aurora kinase activity gradient since the effects of
depleting CNN or Sds22 combined with loss of the aurora phosphorylation gradient was
identical to removing the aurora activity gradient alone. We infer from these data that the
dominant pathway for spatially defining furrow formation in Drosophila S2 cells is the astral
stimulation pathway.

Interestingly, astral stimulation, in this case, does not require centrosome-derived MTSs since
CNN depletion has no effect on cytokinesis. We acknowledge that the concept of “astral”
MTs without centrosomes seems counter-intuitive; however, we propose that in Drosophila
S2 cells (what is historically referred to as) the astral stimulation pathway is actually
mediated by a population of critically important “furrow MTs” that do not require
centrosomes to assemble. Furthermore, since inhibiting Pavarotti (Om MKLP1) in
Drosophila cells leads to complete failure in cytokinesis (Adams et a/., 1998, Echard et alf.,
2004, Eggert et al., 2004, Goshima and Vale, 2003) it is likely that Pavarotti, as part of the
Centralspindlin complex with RacGAP50C (Dm MgcRacGAP) (Glotzer, 2005) and other
regulatory components, at the ends of furrow MTs are the central determinants of where the
cleavage furrow forms. Pavarotti has been observed to tip-track on MTs at anaphase onset
and eventually concentrates on the ends of MTs in the vicinity of the furrow where it
bundles and stabilizes intersecting MTs in the equatorial region (Vale et al., 2009). Both
Pavarotti and ABK have also been shown to accumulate as a band at the equatorial cortex
distinct from their localization to cortical MTs (Hu et a/., 2008, 2011, Minestrini et al., 2003,
Vale et al., 2009). Like Pavarotti, ABK, which has been reported to phosphorylate and
regulate MKLP1 (Guse et al., 2005), accumulates on MT plus-ends at anaphase onset and
inhibition of ABK blocked the equatorial accumulation but not the tip-localizing behavior of
Pavarotti (Vale et al,, 2009). We envision that a midzone-derived aurora kinase activity
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gradient contributes to cytokinesis via crosstalk with a more dominant astral stimulation/
furrow MT pathway through multiple non mutually-exclusive mechanisms: 1)
phosphorylating tip-tracking regulatory complexes, 2) rendering cortical components
competent for equatorial accumulation of cytokinesis regulators such as RhoA, RhoGEF,
ABK, and Pavarotti, and 3) stabilization of furrow MTs, for example, through inhibition of
catastrophe factors (Gadea and Ruderman, 2006, Kelly et al,, 2007, Sampath et a/., 2004). In
conclusion, we favor a model in which furrow positioning in Drosophila S2 cells is driven
largely by equatorial stimulation that is comprised of 1) a midzone-derived stimulation
signal to which an aurora kinase activity gradient contributes and 2) what has traditionally
been referred to as an “astral” stimulation signal, that is mediated by a non-centrosomal
population of stable furrow MTs in the vicinity of the equatorial cortex (Canman et al.,
2003, Field et af., 2015, Foe and von Dassow, 2008).
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FRET Forster (or Fluorescence) Resonance Energy Transfer
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MKLP1 Mitotic Kinesin-Like Protein 1
MKLP2 Mitotic Kinesin-Like Protein 2
MRLC Myosin Regulatory Light Chain
pAAK phospho-Aurora A kinase
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Figure 1. Aurora A is required for robust midzone assembly but its inhibition does not mis-
localize phospho-ABK

(A) Representative images of control- and AAK RNA. cells showing a decrease in MT
intensity in AAK depleted cells. (B) AAK can be efficiently depleted from S2 cells as
assayed by western blot analysis of control and AAK RNA.i cells. Tubulin was used as the
loading control. (C) Quantification of midzone MT intensity normalized to control RNA..
Midzone MT density is significantly decreased in late anaphase/telophase cells lacking AAK
activity. Quantifications are from 2 independent experiments. Control RNAI; n = 62 cells,
AAK RNAI; n =70 cells. (D) AAK depletion does not change the total amount of midzone-
associated phosphorylated ABK (pABK). Quantifications are from 2 independent
experiments. Control RNAI; n = 62 cells, AAK RNAI; n = 70 cells. (E) AAK depletion leads
to more pABK per MT in the central spindle. Quantifications are from 2 independent
experiments. Control RNAI; n = 62 cells, AAK RNAI; n = 70 cells. (F) Representative
images of DMSO- and 125nM MLNB8237 treated cells showing a decrease in midzone MT
intensity in the AAK inhibited cell relative to the control cell. (G) Representative images of
cells treated with DMSO (top) or 125nM MLN8237 (bottom), stained with anti-phospho-
AAK (pAAK). Cells treated with MLN8237 do not have pAAK staining at centrosomes. We
previously demonstrated (Ye et al., 2015) that the apparent centromere staining with the anti-
pAAK antibody is due to cross-reactivity with pABK. (H) Cells treated with 125nM
MLN8237 phenocopy AAK depleted cells, exhibiting decreased MT density in the spindle
midzone. Quantifications are from 2 independent experiments. DMSQO; n = 77 cells. 125nM
MLN8237; n = 77 cells. (I) 125nM MLN8237 does not decrease total pABK localization to
the midzone. Quantifications are from 2 independent experiments. DMSQO; n = 77 cells.
125nM MLNB8237; n = 77 cells. (J) Cells treated with 125nM MLN phenocopies cells
depleted of AAK, having more pABK per MT. Quantifications are from 2 independent
experiments. DMSQO; n = 77 cells. 125nM MLN8237; n = 77 cells. Error bars are SEM.
Scale bars are 5um. Two-tailed Student’s t-tests are reported: not significant (n.s.) = p-value
> 0.05, *** = p-value < 0.0005.
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Figure 2. AAK contributes to the spindle midzone aurora kinase gradient but its inhibition does
not significantly impact MRLC dynamics during cytokinesis

(A) A schematic of the MT-targeted FRET based phosphorylation sensor, highlighting the
Threonine (T) residue that would be phosphorylated by aurora kinases. Phosphorylation
causes a conformational change to this sensor that causes a decrease in FRET. (B)
Representative images of the FRET reporter experiment quantified in (C). The FRET
emission ratio images “FRET/mTurg2” are pseudo-colored with the color wedge spanning
ratio values of 1.4 — 2.4. (C) Cells treated with 125nM MLN8237, which specifically
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inhibits AAK activity, lowers the FRET emission ratio of the sensor at the spindle midzone,
indicating it is less phosphorylated than in DMSO treatments. Quantifications are from 3
independent experiments. DMSQO; n = 106 cells. 125nM MLN8237; n = 107 cells. (D) The
FRET emission ratio of a non-phosphorylatable version of the sensor, in which the
Threonine is mutated to Alanine, is not different between cells treated with DMSO and
125nM MLNB8237. DMSO; n = 36 cells. 125nM MLN8237; n = 37 cells. (E) Still frames
from wide-field time-lapse imaging of a high-expressing AAK-mCherry cell progressing
from metaphase through cytokinesis onset. In the merged images tubulin is green and AAK
is red. (F) Still frames from two-color TIRF imaging of an AAK-mCherry cell progressing
from metaphase through cytokinesis onset. In the merged images tubulin is green and AAK
is red. (G) MRLC is depleted from the pole region and accumulates at the cell equator
during the metaphase to anaphase transition. The half change of myosin intensity at the
equator happens, on average, 1 min before the loss of half of the myosin at the pole region.
Quantifications are from 10 DMSO-treated cells. (H) Cells treated with 125nM MLN8237
do not exhibit significant changes in myosin dynamics during cell division relative to control
cells, with the exception of one cell that failed cytokinesis. Quantifications are from 9 cells.
(I) A maximum intensity projection of a spinning disk confocal image containing three cells
at different stages of the cell cycle. MRLC is green, and tubulin is red. The z-stacks were
used to reconstruct 3D images of the regions highlighted in the while boxes. (J) 3D
reconstruction of a cell in late anaphase, after MRLC has already accumulated at the
cleavage furrow. MLRC at the cell equator is forming a ring around the spindle. (K) 3D
reconstruction of cells with a midbody between them. The MRLC has already constricted,
but remains a ring around the midbody. (L) 3D reconstruction of an interphase cell. In the
merged images (E-G) MLRC is green, and tubulin is red. Error bars are SEM. Scale bars are
5um (B, I-L) and 20 um (E, F). Two-tailed Student’s t-tests are reported: not significant
(n.s.) = p-value > 0.05, *** = p-value < 0.0005.
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Figure 3. AAK and mABK together contribute to high fidelity cytokinesis and are not redundant
with polar relaxation or centrosome-derived signals

(A) Still frames from wide-field time-lapse imaging of untreated (top) and 40uM
binucleine-2 (bottom) treated S2 cells. (B) Subito depletion prevents the re-localization of
pABK from the centromeres to the central spindle during the metaphase to anaphase
transition. Quantifications are from 6 independent experiments. Control RNAI; n = 130 cells.
Subito RNAI; n = 119 cells. (C) Representative images from experiments in (B). pABK
staining remains at the centromeres in Subito depleted cells. In the merged images, pABK is
red, tubulin is green, and DAPI is blue. (D) Quantification of binucleated cells (hormalized
to the baseline levels of control cells) in AAK inhibited, and Subito depleted plus and minus
125 nM MLN8237. AAK inhibition alone does lead to cytokinesis failure. Removal of
mMABK leads to a slight but not statistically significant increase in binucleated cells while
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Subito RNAI in combination with 125nM MLN8237 treatment leads to a statistically
significant increase in binucleated cells. Quantifications are from 5 independent
experiments, Control RNAi + DMSO; n = 2134 cells, control RNAi + 125nM MLN8237; n
= 2068 cells, subito RNAi + DMSO; n = 1500 cells, subito RNAi + 125nM MLN8237; n =
1837 cells. (E) Depletion of the Sds22-mediated phosphatase gradient that is required for
polar relaxation does not lead to an increase in binucleated cells. Cells depleted of the
midzone aurora gradient in addition to the phosphatase gradient exhibit the same phenotype
as the Subito RNAIi + MLN condition. Quantifications are from 3 independent experiments.
Control+sds22 RNAi + DMSO; n = 1305 cells, control+sds22 RNAi + 125nM MLN8237; n
= 1313 cells, subito+sds22 RNAi + DMSO; n = 1247 cells, subito+sds22 RNAI + 125nM
MLN8237; n = 1305 cells. (F) Depletion of CNN does not increase the percentage of
binucleated cells and exhibits the same phenotype as the Subito RNAi + MLN condition
when combined with this treatment. Quantifications are from 2 independent experiments.
Control+CNN RNAIi + DMSO; n = 823 cells, control+CNN RNAIi + 125nM MLN8237; n =
894 cells, subito+CNN RNAIi + DMSO; n = 958 cells, subito+CNN RNAI + 125nM
MLN8237; n = 931 cells. All data points were normalized to the control or single RNAI +
DMSO condition. (G) A model highlighting three pathways that regulate positioning of the
cleavage furrow. Error bars are SEM. Scale bars are 5uM. Two-tailed Student’s t-tests are
reported: not significant (n.s.) = p-value < 0.05, * p-value = < 0.05, *** = p-value <0.0005
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Table 1

Primer Sequence (5'—3")

Aurora A RNAI F

TAATACGACTCACTATAGGGATGTCCCATCCGTCTGACCA

Aurora A RNAI R

TAATACGACTCACTATAGGGTTGCCAAACTTGCCCCGTCC

Subito RNAi F TAATACGACTCACTATAGGGCTGAAGCTAATCAATGGCAGC
Subito RNAI R TAATACGACTCACTATAGGGTTTTCTGAACTGTACTGGCCG
CNN RNAIi F TAATACGACTCACTATAGGGCTATGGGAGAAAAATCGTGAGG
CNN RNAI R TAATACGACTCACTATAGGGTCTTTCCTCTGTCCTTCTGAGC
Sds22 RNAI F TAATACGACTCACTATAGGGAGAACTTGTCCAGCCTGAAA
Sds22 RNAI R TAATACGACTCACTATAGGGTTCTTGGCCAAGTCGAGGGT
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Table 2

No expression  FL Tau FRET-expressing

Growth Velocity (um/min) 4.57 421
Shrink Velocity (um/min) 5.56 5.34
Rescue Frequency (s™1) 0.014 0.014
Catastrophy Frequency (s™) 0.057 0.06
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